A microwave oven has been used to measure biomass concentration and construct a growth curve for Candida utilis ATCC 1084. Drying curve results show that when a sample was exposed to microwave radiation for 15 min, microwave and air oven dry weight results are within 4 mg of one another when dried at the "cook" power setting (approximately 630 W at full power). For biomass dry weight sample sizes of 147.74 and 14.42 mg, the sample weight was reduced to within 10% of the final air oven dry weight in less than 4 min. At the "defrost" power setting 7 min were required to reduce the sample weight to within 10% of the final air oven dry weight for the large sample. For the small sample, this point was not reached in 15 min. Microwave drying can be used to rapidly estimate microbial biomass concentration.
One significant parameter which describes the state of a bioreactor is the concentration of biomass in the reactor. There are many enumeration procedures available to determine cell concentration, including turbidity, direct microscopic counting, dry weight analysis, counting with electronic particle counters, and dilution colony counting. Air oven drying of a fermenter sample is the technique most often used to indicate biomass concentration. However, this procedure requires 24 h or more before drying is complete. Therefore, for on-line determination of biomass concentration in a bioreactor, which is desirable for effective control of the reactor, a quicker method for determining dry weights needs to be developed.
The purpose of this work was to investigate use of microwave drying to measure biomass concentration. Investigation into quick drying has been done for moisture determination of food and dairy products (1, 3, 5) . To the best of the authors' knowledge this is the first report on quick drying using a microwave oven to determine biomass concentration.
The power input to a sample in a microwave oven is greater than the energy input per unit of time in an air Some microwave ovens are not designed to operate with such a small microwave absorbing load. oven, and therefore, less time is needed in a microwave oven. So that results presented below may be more clearly understood, a qualitative description of the different energy transport mechanisms involved in microwave drying and air oven drying is provided. In a conventional air oven the outer layer of the sample is heated by convection, while conduction heats the remainder of the sample. As a result, a temperature profile exists in a sample drying in an air oven at any one time. In a microwave oven, however, the radiant energy which is incident upon the sample penetrates through the sample and as a result the sample is uniformly heated (7). As a consequence, the sample experiences a higher evaporation rate than that which is experienced in an air oven. This is due to the higher average temperature which exists in the sample. In light of this, the results presented below are discussed in terms of the time necessary to measure cell concentration using a microwave oven. These results are compared with those obtained by conventional air oven drying.
MATERIALS AND METHODS

Power rating of the microwave oven
A Minutemaster microwave oven manufactured by Litton microwave cooking (Model #403.002) was used in this study. The oven had only "cook" and "defrost" settings. On the "cook" setting, the oven is designed to use 1400 W of electrical power and provide 630 W of microwave power to heat the contents of the oven. On "defrost" the oven cycles on and off with 30 s duration in each position. The microwave power delivered to 75 ml of water was estimated by heating the water for 2-min time periods and recording the change in temperature of the water.
Sample exposure time -construction of drying curves
The length of time to expose a sample to microwave radiation to achieve drying which matched the drying obtained in an air oven was determined by constructing drying curves. A submerged culture of Candida utilis ATCC 1084 was sampled. Twenty-ml samples were filtered through preweighed 1.2 |xm type RA Millipore filters (Millipore Corporation). One sample was covered with a second piece of filter paper to prevent sample splatter. The covered sample was then supported on an inverted 14-cm diameter pyrex watchglass, heated in the microwave for 1 min and then weighed 1 . The sample was heated another minute and then weighed once again. This procedure was continued until the loss in weight recorded was outside the range of accuracy of the Mettler balance (about 0.01 mg).
The second sample, which also was filtered through preweighed filter paper, was placed in an air oven to dry for 24 h at 105°C and then weighed. From these data drying curves were constructed.
Growth curve
C. utilis was cultivated on YM broth (Difco Laboratories) in 250-ml flasks and incubated at 30°C in a Psychrotherm incubator manufactured by New Brunswick Scientific. Agitation was maintained at 200 rpm. A 10% (volume basis) inoculum was used. Each shake flask contained 150 ml of broth. Three 20-ml samples were taken from one flask each hour. One sample was used to obtain air oven dry weight; a second sample was used to obtain microwave oven dry weight; the third sample was a backup. Each shake flask was sampled twice.
Samples were dried for 15 min in the microwave oven. The oven cooled for 45 min between samples except for the sample at hour 3.0. For the sample at hour 3.0, the oven had cooled for 1.75 h instead of for the usual 45 min. After 1.75 h had elapsed, drying was resumed. Samples taken after the sample at hour 3.0 were refrigerated until the next drying cycle. 
RESULTS AND DISCUSSION
From the power measurement procedure described above, 150 W was found for the "defrost" setting and the " c o o k " setting provided heating at approximately 450 W. As described above, drying curves were constructed from samples taken from a growing culture of C. utilis. A 10% error between air oven dry weights and microwave oven dry weights was deemed an acceptable result. This cutoff point was selected to insure that microwave oven dry weights could be easily correlated with air oven dry weights for standard curve construction.
The results are shown in Fig. 1 and 2 . Both figures show sample weight as a function of exposure time. Figures 1 and 2 show the data collected for the small (14.42 mg dry wt) and large (147.74 mg dry wt) samples, respectively. With the oven set to "defrost", reduction in sample weight was best for the larger sample. After 7 min of exposure the weight of the larger sample was within 7.7% of the air oven dry weight, while for the smaller sample 15 min of exposure reduced the sample weight to within 24.2% of the air oven result. Therefore, small samples of about 14.4 mg, dried at the "defrost" power setting did not give reasonable results. However, for samples approaching 150 mg, dried at the "defrost" setting, acceptable results were obtained using microwave drying.
The results for the " c o o k " setting are better than those found for the "defrost" setting. Reduction in sample weight was best for the larger sample. The larger sample dry weight differed from the air oven value by 6.4% after only 3 min of exposure. For the smaller sample the weight was reduced to within 9.2% of the dry weight value after 4 min of exposure. Therefore, microwave drying gave acceptable results for both sizes when dried at the "cook" setting; however, for the "defrost" setting the results were within 10% of the air oven result for only the larger sample.
To better appreciate the drying phenomena occurring in microwave drying, the quantity of water removed for each exposure was calculated. The results are presented elsewhere (2) .
Several factors come into play as the size of the sample is increased. For large samples the rate of heat generation within the sample can exceed the rate of heat dissipation and result in sample charring (3) . Figure 3 shows growth curve results using both air oven dry weights and microwave oven dry weights. The greatest discrepancy observed between the two techniques was a difference of 0.16 g/L at hour 3.0. This most likely was due to a break in the drying and subsequent cooling cycle used in the oven. The microwave oven had less residual energy in the form of sensible heat present in the walls of the oven than was present in previous trials. Thus there was a reduction in the quantity of water removed for this sample. After this, however, the oven "heated up" and the quantity of water removed was again close to the air oven results. These results indicate that, the drying-cooling cycle used, is a parameter to which microwave drying is sensitive.
Based on the results obtained, further investigation for specific applications is encouraged. Because of differences among microwave ovens, each investigator should select sample size, microwave oven operating conditions, and drying times that give good consistent results. Comparison with a reference method to correct for consistent differences is encouraged. Use of the same location in the oven for each measurement is also recommended.
Many different microwave ovens are available. Some are designed to operate under the small sample conditions required in this work (3); however, others should have a significant microwave absorbing load in them at all times to avoid damage to the oven and leakage of microwave energy from the oven. An appropriate absorbing load may be placed at a distant location within the oven (4).
